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We report the structure and chemistry of the self-assembled oxide nanopillars that form in
superconducting Co-doped BaFe2As2 thin film grown by pulsed laser deposition. The oxide
nanopillars consist of a BaFeO2 phase, form epitaxially on the SrTiO3 template, and grow
coherently with the BaFe2As2 film. The nanopillars are square with a uniform size of 4–5 nm, which
is close to twice the superconducting coherence length. Despite a volume content of �5%, the
nanopillars do not degrade the structural quality of the BaFe2As2 matrix. Indeed the nanopillars
provide exceptionally strong vortex pinning and high critical current density due to the very close
correlation of pillar and vortex core diameters. © 2011 American Institute of Physics.
�doi:10.1063/1.3532107�

In the past years major efforts have been invested in
optimizing high-temperature superconductors �HTSs� by in-
creasing their critical current density Jc and reducing their
anisotropy. These goals require the introduction of nano-
structures able to strongly pin magnetic flux vortices so as to
oppose vortex motion induced by the Lorentz force. This
approach has been applied in cuprate HTS. For instance, sev-
eral works on YBa2Cu3O7 �YBCO� report a substantial im-
provement of pinning properties incorporating nonsupercon-
ducting rare-earth oxide �RE2O3� precipitates and BaZrO3

nanopillars,1 but often with a critical temperature suppres-
sion when the BaZrO3 content exceeds 1%–2%. In general,
optimum vortex pinning is achieved by a high density of
defects whose size is comparable to twice the superconduct-
ing coherence length �, especially when elongated along the
applied magnetic field direction.2

The pinning mechanisms have not yet been fully under-
stood in the recently discovered iron-based superconductors,
promising for their high critical temperature Tc, low aniso-
tropy, extremely high upper critical magnetic field Hc2, and
irreversibility field Hirr.

3–11 Recently, we have observed cor-
related line defects in thin films of the Co-doped supercon-
ductor BaFe2As2 �Ba-122� grown on SrTiO3 �STO� surfaces
which exhibit strong and anisotropic vortex pinning.12 In this
work we report on the structure, composition, and growth
mechanisms of these nanopillars using subangstrom reso-
lution transmission electron microscopy �TEM� and electron
energy-loss spectroscopy �EELS�. The TEM shows how a
high density of nanopillars can be incorporated in the Ba-122
films while producing very strong vortex pinning and very
high Jc without degrading the structural properties of the
superconducting matrix.

The Co-doped Ba-122 thin film with a thickness of 350
nm was grown on 100 unit cell �u.c.� STO templated �001�
�La,Sr��Al,Ta�O3 �LSAT� substrates in vacuum at 750 °C
by pulsed laser deposition �PLD�. The detailed growth con-
ditions are reported elsewhere.13,14 TEM studies were ob-
tained with JEOL 3011 and an aberration-corrected JEOL
ARM-200F electron microscopes.

The microstructure of the Co-doped Ba-122 films grown
on 100 u.c. STO/LSAT is shown in the cross-sectional TEM
image of Fig. 1�a� viewed along the �100� zone axis. The
corresponding selected-area electron diffraction �SAED� pat-
tern inset at the top left shows that the Ba-122 film is single
crystal and epitaxial to the STO/LSAT substrate. A moderate
density of vertical line defects running along the c-axis of the
Ba-122 film can be seen in the TEM image. A magnified
region of the line defects near the film/STO interface shown
in Fig. 1�b� reveals that these nanosized pillars nucleate at
the Ba-122/STO interface. The uniformly distributed nano-
pillars with an average spacing of �10 nm can be clearly
seen in the planar view scanning transmission electron mi-
croscopy �STEM� image in Fig. 1�c�. The high resolution
STEM image in Fig. 1�d� shows that nanopillars are square
with a uniform size of 4–5 nm and are also epitaxial with
respect both to the surrounding Ba-122 matrix and the STO
template. Figure 1�e� shows the high angle annular dark field
�HAADF� image of a nanopillar in the Ba-122 film, in which
the image contrast is determined by the atomic number of
element �Z-contrast image�. It is seen that the nanopillar has
an ordered crystalline structure which is different from the
Ba-122 structure.

The chemical composition of nanopillars was deter-
mined using EELS. The region analyzed is shown in the
Z-contrast image �Fig. 2�a�� which includes both a nanopillar
and Ba-122 matrix. Figure 2�b� shows the variation of the
atomic ratio of Ba, Fe, As, and O atoms along the horizontala�Author to whom correspondence should be addressed. panx@umich.edu.
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line in Fig. 2�a�. Both the line scan �Fig. 2�b�� and two-
dimensional maps �Figs. 2�c�–2�f�� show that the nanopillar
is a Ba–Fe–O phase that does not contain As. Quantitative
analysis suggests that the composition ratio of Ba:Fe:O var-
ies from 1:1:2 to 1.4: 1: 2.8. Searching Ba–Fe–O compounds
we found BaFeO3, a pseudocubic perovskite, with a lattice
parameter a=4.210 Å, which was reported to form on the
�001� STO substrate by PLD.15 The x-ray diffraction patterns
of our films typically show a metallic Fe peak,14 whereas Fe
in BaFeO3 has an oxidation state of Fe4+. The Fe–O phase
diagram16 shows that metallic Fe cannot coexist with Fe4+.
Thus based on thermodynamic arguments, the nanopillars
cannot be BaFeO3.

We expanded our search to Sr–Fe–O compounds to see
if there are Sr-analogs of not-yet-reported Ba–Fe–O com-
pounds. We found SrFeO2 �Ref. 17� and Sr3Fe2O5,18 which
both contain Fe2+. Sr3Fe2O5 is an orthorhombic double-
layered perovskite �a=3.5148 Å, b=3.9527 Å, and c
=20.9125 Å� with the Immm space group �No. 71�, which
does not match the square shape of nanopillars observed by
TEM. On the other hand, SrFeO2 has a tetragonal structure
�a=3.991 Å, c=3.474 Å� with the P4 /mmm space group.
The simulated Z-contrast images of SrFeO2 match images of
the nanopillars. We believe that the nanopillars are nonsto-
ichiometric BaFeO2, which has not yet been reported in the
literature.

The formation of self-assembled, vertically aligned epi-
taxial BaFeO2 nanopillars in the Ba-122 matrix can be attrib-
uted to the structurally similar perovskite surface of STO and
the residual oxygen incorporated in PLD target. The intrinsic
similarities in the structure and chemistry of the BaFeO2
nanopillars favor nucleation of nanosized oxide islands on
the perovskite STO template, as shown schematically in Fig.
3�a�. The surface energy plays the primary role in controlling
the self-assembled nanopillars.19 Bulk BaFe2As2 has a tetrag-
onal structure �I4 /mmm� with lattice parameters a
=3.962 Å and c=13.017 Å,11 and BaFeO2 has a tetragonal
structure with lattice parameters a�3.991 Å and c
�3.474 Å according to that of SrFeO2 with the
substitution of Sr by larger Ba. The bulk STO has a lattice
constant with a=3.905 Å, but the thin STO templates are
coherently strained to match the lattice constant of LSAT
�a=3.869 Å�.14 The misfit between BaFe2As2 and the LSAT
substrate is only 2.3%, whereas the misfit between BaFeO2
and LSAT is �3.2%. Thus, the nanopillars nucleate and
grow under compression from both the substrate and the sur-
rounding Ba-122 matrix, as schematically shown in Fig. 3�c�.

In Ref. 12 we showed a strong vortex pinning along the
c-axis which requires the presence of vortex pinning centers
whose size is about 2�, where the coherence length � is 2.5–3
nm for Ba-122. Thus, the microscopy shows that the typical

FIG. 1. �a� The cross-sectional TEM image of Co-doped Ba-122 film grown
on 100 u.c. STO/LSAT. This image is viewed along the �100� zone axis. The
inset at the top left is the corresponding SAED pattern. �b� A magnified
region of the line defects near the film/STO interface. �c� The planar view
bright field TEM image viewed along the �001� zone axis. The correspond-
ing SAED pattern inset at the bottom left shows a single crystal pattern. �d�
A high resolution STEM image of �c� showing the structure of the nanopil-
lars in the Ba-122 film. �e� A high angle annular dark field �Z-contrast�
image showing the atomic structure of an epitaxial nanopillar in the Ba-122
film.

FIG. 2. �Color online� �a� HAADF image showing the analyzed region
which includes both a nanopillar and the Ba-122 matrix. �b� The change of
the atomic ratio of Ba, Fe, As, and O along the line in �a�. Relative compo-
sition maps for Ba, Fe, As, and O are shown in �c�–�f�, respectively.

FIG. 3. �Color online� Schematic models showing the growth process of the
BaFeO2 nanopillars in the Ba-122 matrix. �a� Nanosized oxide islands
nucleate on the surface of STO template. �b� Nanopillars of uniform diam-
eter embed in the fully grown Ba-122 matrix. �c� The nanopillar is coher-
ently strained by the surrounding Ba-122 matrix.
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oxide nanopillars give rise to almost perfect pinning centers
for this material. Judged by the lack of Tc suppression in
these films and the general properties of oxides, we antici-
pate that the nanopillars are insulating and thus provide a
strong binding force to the vortex cores. From Fig. 1�c� we
estimate a density of nanopillars of �=4.1�10−3 nm−2. As-
suming that the strongest pinning corresponds to one vortex
residing on each nanopillar, this value of � corresponds to a
matching field of �0HM =8.5 T. Figure 4 shows that Jc as a
function of H clearly changes slope at the same field
�8.5 T. Up to HM all vortices are located in the nanopillars
and are strongly pinned, meaning that Jc is only slightly sup-
pressed by increasing field. However, above HM vortices
must reside between the nanopillars where only weak pin-
ning centers and vortex-vortex interactions prevent their mo-
tion. Such vortices are more easily depinned and Jc drops
more rapidly.

In conclusion, we provided a detailed TEM analysis of
the oxide nanopillars that form in Ba-122 films grown on
STO templated LSAT substrates when small oxygen content
is present. The oxide nanopillars form an epitaxial BaFeO2
phase that nucleates on the surface of the STO template since
they have the similar structure and chemistry at their inter-
face. We propose that the in-plane compressive strain caused
by the misfit between BaFeO2 and the substrate restricts the
lateral size of the nanopillars to around 10 u.c. and drives
them to grow along the c-axis forming a nanopillar structure.
The high density of self-assembled nonsuperconducting ox-
ide nanopillars provides very effective flux pinning centers in
the Ba-122. The use of self-assembled nanopillars as corre-
lated defects for strong vortex pinning provides an efficient
method for increasing Jc without any apparent film thickness
dependence or need for postprocessing. Different from
YBCO with BaZrO3, where the nanopillars generally de-

grade the structural uniformity of YBCO matrix and suppress
Tc by a few degrees, in Ba-122 thin films the matrix main-
tains its properties with the addition of strong pinning centers
in spite of the high concentration of nanopillars.
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